Poor water quality associated with eutrophication, attributed largely to phosphorus loading, and toxic contaminants has impaired Lake Simcoe's ecological health. We investigated the potential influence of urban groundwater contamination on lake water quality using a screening approach. In 2010, shallow groundwater (25-120 cm below the lake bed) was collected at 10-15 m spacing along 2 sections of shoreline (about 1 km each) in Barrie, Ontario. Occurrences of elevated groundwater nutrients were widespread, with 24% of samples having soluble reactive phosphorus (SRP) concentrations >0.1 mg L −1 (hypereutrophic water and ≥10 times lake water SRP). Groundwater nitrate or ammonium concentrations were above that of the lake along most of the shoreline sections. Along the north and south shores, 37 and 65%, respectively, of the samples had at least one contaminant over its Canadian aquatic life toxicity guideline, while 11 and 17%, respectively, had 2 or more over guidelines. Exceedances detected at multiple locations included ammonium, nitrate, chloride, chlorinated solvent and petroleum compounds, cadmium, and selenium. In 2011, samples were collected at the same depth range as in 2010 and, additionally, at 5 cm depth (benthic zone) at 22 locations along these same sections. Concentrations of the key contaminants were mostly similar between the 2 sampling depths, suggesting the 2010 results are generally applicable to benthic organism toxicity and nutrient loading to the sediment interface, although fluxes were not determined. Concentrations of SRP, ammonium, and various other contaminants were likely controlled by groundwater redox conditions. Potential sources of key contaminants are also discussed.
Introduction
The ecological health of Lake Simcoe has been of concern for decades, with critical implications for the year-round sport fishery, which must still be maintained through hatchery stocking programs (Palmer et al. 2011) . A key issue has been the degraded lake water quality. Reduced dissolved oxygen (DO) levels in the lake have largely been attributed to eutrophication caused by the elevated phosphorus (P) levels (Winter et al 2007 . Efforts toward P reduction have been applied to the lake and its watershed for more than 2 decades (Palmer et al. 2011) . These have led to progress in increasing the hypolimnetic DO, but the target level of 7 mg L −1 for recovery to a self-sustaining fishery has not been reached (North et al. 2013 ). The addition of toxic contaminants has also been identified as a contributing factor in the lake's ecological degradation (Palmer et al. 2011) .
Investigation of the transport of nutrients (especially P) to Lake Simcoe has focused predominantly on input from streams, water pollution control plants, storm water runoff, and the atmosphere. Groundwater discharge directly to the lake (as opposed to discharge to tributaries) has received less attention as a nutrient pathway. The only direct groundwater input of P to the lake currently accounted for in the Lake Simcoe P budgets is from individual septic systems of the cottages that line most of the lake, which Winter et al. (2007) estimated at 3.9 t P yr −1 (5-7% of annual P inputs). Other direct discharges of groundwater P have not been quantified. This omission may be due to the long-held belief that "dissolved phosphorus and ammonia are not persistent or mobile enough to affect groundwater concentrations significantly under most conditions" (Dubrovsky et al. 2010) , especially because adsorption and metal-complex formation are expected to retain the majority of potentially mobile P (Holman et al. 2008) . And yet many studies (Table 1) indicate that groundwater can have high dissolved P, in both rural and urban settings, related to both natural and anthropogenic sources.
Past work on toxic contaminants in Lake Simcoe has focused on metals , organic contaminants such as polychlorinated biphenyl and polycyclic aromatic hydrocarbon (PCB and PAH; Helm et al. 2011) , and pesticides such as dichlorodiphenyltrichloroethane (DDT; Lembcke et al. 2011 ), all of which tend to be sourced from surface water and then precipitated or adsorbed to lake sediments. These contaminants bioaccumulate, reaching high levels in top fish species, and thus their study is warranted. Metals can also be transported with groundwater, however, and various other organic and inorganic pollutants that are more easily transported in groundwater can still pose a toxicity risk to aquatic life (Roy and Bickerton 2012) .
In this study, we focused on the discharge of contaminants (including P) with groundwater along urban shorelines of Lake Simcoe's Kempenfelt Bay. The multitude of different activities and sites associated with groundwater contamination, such as manufacturing, sewage transport, road salting, gas stations, and landfills, may be considered a form of diffuse urban groundwater pollution (Lerner 2008) . Numerous studies have shown widespread input of contaminants to urban streams, either focused on select groups of contaminants like volatile organic compounds (e.g., Ellis and Rivett 2007) and road salt (e.g., Williams et al. 2000) , or on diffuse pollution (Shepherd et al. 2006, Roy and Bickerton 2012) . Less is known of diffuse urban groundwater pollutant discharge to lakes. Howard and Livingstone (2000) used groundwater modelling to indicate that widespread and multicompound groundwater contamination from diffuse urban pollution to parts of the Lake Ontario shoreline and its tributaries should be a long-term cause for concern; however, field validation was not undertaken. Our objective for this study was to determine the potential importance of urban groundwater as a source of nutrients and toxic substances to Lake Simcoe. To this end, we applied a screening approach (Roy and Bickerton 2010) to 2 sections (both about 1 km) of Kempenfelt Bay shoreline in Barrie, Ontario, as a means to detect diffuse groundwater contaminants and potentially identify their sources. Quantifying the fluxes of contaminants into the lake was beyond the scope of this study.
Study site
Groundwater sampling was performed along the north and south shores of Kempenfelt Bay (32 km 2 , maximum depth 42 m; Palmer et al. 2011) in Barrie (Ontario, Canada), the largest city on Lake Simcoe ( Fig. 1; see North et al. 2013 for a map of Lake Simcoe and its watershed). The city and bay are situated in a topographic low of an east-west trending valley, which is likely a subglacial tunnel channel cut by rapid flows of glacial melt water (Todd et al. 2008) . Groundwater is considered to flow from the adjacent highlands (north and south; glacial till and meltwater deposits; Barnett et al. 1991) to the lake (South Georgian Bay-Lake Simcoe Source Protection Committee 2011). Sampling was focused on the nearshore zone (water depths <0.5 m) where groundwater discharge rates tend to be highest (Lee 1977) . The site currently accommodates parks, commercial and residential areas, roads, and abandoned lots. Historical and/or current rail lines occur along both shores. The old Barrie Gas Works, shut down in 1939, was situated on the north shore; however, no groundwater contamination was known to us prior to the investigation. 
Methods
This study involved 2 field campaigns. The first was a screening study similar to Roy and Bickerton (2010) for urban streams, performed during 31 May to 16 June 2010. Groundwater samples were collected at a depth between 25 and 120 cm below the lake bed surface wherever decent flow was achieved, about 0.5-2.5 m from shore (<0.5 m of overlying lake water) and at approximately 10-15 m spacing along each shoreline (Fig. 1) . We collected 79 and 93 groundwater samples from the north and south shores, respectively, along with 3 lake water samples.
The second campaign took place 4-9 August 2011, with collection of groundwater samples at 11 locations relatively evenly spaced along each shore and 6 lake water samples. At each location, one deep sample was collected at 30-70 cm depth (similar depth as for 2010 screening; called sub-benthic samples), and 3 shallow samples were collected at about 5 cm below the sediment surface (called benthic samples), all within 1 m 2 . In addition, a potentionmanometer (Lee and Cherry 1978) was used at each location to measure the hydraulic head difference between the deep groundwater sample point and the lake.
Groundwater was sampled using a mini profiler (drive point) system (Roy and Bickerton 2010) . Field-derived pH, DO, and electrical conductivity (EC) were measured with hand-held meters. Lake samples were collected by holding the drive point within the water column. Samples were filtered and preserved as appropriate and transported on ice.
All groundwater and lake samples were analyzed for a suite of common groundwater nutrients and contaminants and basic geochemistry at Canada Centre for Inland Waters (Burlington, ON). Analyses of anions (including nitrate) by ion chromatography, alkalinity by titration, soluble reactive phosphorus (SRP) and ammonium by spectrophotometry, volatile organic compounds (petroleum and chlorinated solvents predominantly) by gas chromatography-mass spectroscopy, and trace metals and major cations by inductively coupled plasma, were described by Roy and Bickerton (2010) . The analysis of artificial sweeteners (acesulfame, saccharin, sucrolose, and cyclamate), perchlorate, and several pesticides (glyphosate, 2,4-D, picloram, and MCPA) by ion chromatography coupled to a tandem mass spectrometer with an electrospray ionization source (IC/ESI/MS/MS) was described by Van Stempvoort et al. (2011) .
In 2011, groundwater and lake samples were also collected for water isotopes, which were run at UC Davis Stable Isotope Facility (Davis, California 
Results and discussion

General water chemistry
There were marked differences in groundwater chemistry between the 2 shorelines, with the south shore EC at 2000-6000 μS cm −1 and the north shore EC generally 800-2500 μS cm ) and low-DO groundwater (Fig. 2a) . Dissolved iron was often elevated in areas where DO was low (Fig. 2a) , indicative of reducing conditions. Nearshore lake water DO was generally >8.5 mg L −1 , with nondetectable dissolved iron. The groundwater pH showed no distinct difference between the 2 shores, generally 7-8, while lake water pH was about 8.5. Groundwater major ion chemistry varied among calcium-magnesium-bicarbonate to sodium-chloride, especially along the south shore where chloride (Cl) was higher (Fig. 2e) . Lake water was a mix of these 2 water types, but with EC relatively low (400-700 μS cm −1 ).
-contaminant screening
In the 2010 screening survey, SRP concentrations in shallow groundwater ranged from nondetection (0.002 mg L −1 ) to about 0.8 mg L −1 , which is 2 orders of magnitude more than the local lake water (0.005-0.010 mg L −1 ). In addition, a substantial range of toxic contaminants was also detected along the 2 shore sections (maximum concentrations of the most relevant contaminants in Table 2 ; concentrations in lake water samples for a select few contaminants in Fig. 2 ). As for the redox and general chemistry patterns, the 2 shores also differed in which types of contaminants predominated. High levels of multiple contaminants commonly overlapped.
Groundwater flow to the lake shorelines
Shallow groundwater elevations in the study area are generally considered to follow the topography, from high areas to the south and north toward Kempenfelt Bay, with both upland areas considered groundwater recharge zones (South Georgian Bay-Lake Simcoe Source Protection Committee 2011). This flow pattern is supported for the south shore by the potentiomanometer results, which were obtained at 10 of the 11 locations (gas bubbles interfered with 1 location measurement), and where calm lake conditions prevailed during measurements. The head Nutrients and toxic contaminants in shallow groundwater
Inland Waters (2013) 3, pp. 125-138 difference (groundwater-lake water) ranged from +0.5 to +16 mm, with an average of +3.3 mm, indicating an upward gradient and thus, groundwater discharge conditions. Unfortunately, this device could not resolve the flow direction for the north shore due to wave activity and likely lower average gradients than the south shore.
Additional support for groundwater discharge to the north shore is provided by samples with higher Cl (Fig. 2e ) and lower acesulfame ( Fig. 2c ) concentrations compared to those in the lake. Both constituents are generally considered conservative (i.e., nonsorbing, nonreactive), and thus are unlikely to be added from shallow sediments under groundwater recharging conditions. Similar support is provided by the detection of various anthropogenic volatile substances in many of the north shore groundwater samples. Chlorinated solvents (e.g., vinyl chloride) and petroleum compounds (e.g., benzene; from the adjacent gas works, discussed in more detail below) at the concentrations found here ( Fig. 2d) are not expected to be sourced from lake water or from shoreline sediments. Thus, while some samples may have been influenced by lake water mixing associated with wave action (described in more detail below), these shoreline areas are considered to be groundwater discharge zones.
Soils in the study area are listed as gravels (south shore) and sandy loam (north shore) (South Georgian Bay-Lake Simcoe Source Protection Committee 201), but may contain some fines. The sediments at the lake bed surface along the 2 shorelines were predominantly sandgravel, with cobbles and boulders in some locations, based on visual observation. Coarse-grained materials likely extend to the profiler measurement depths at least because this device cannot draw adequate water for sampling from fine sediments. Thus, low conductivity sediments are not expected to impede groundwater discharge generally in these study areas, although the flux may be highly heterogeneous even at the metre scale (e.g., Woessner and Sullivan 1984) . (2011); N/A -not applicable, no current guideline; * guideline covers a range, dependent on other water properties (e.g., hardness) 
Contaminant
Water isotopes
Lake samples exhibited evaporative enrichment off the meteoric water line (Fig. 3a) , while many of the sub-benthic groundwater (30-70 cm) samples had more depleted signatures, similar to groundwater from Barrie wells (R. North, Trent University, 2012, pers. comm.) , groundwater discharging to Barrie streams (J. Roy, unpublished data), and a local seep (North et al. 2013) . These covered generally an isotopic range of −10 to −12‰ for 18 O and −70 to −85‰ for 2 H, although this range may not capture the full spectrum for shallow groundwater in the study area. Four north shore sub-benthic groundwater samples were nearly identical to the lake signature, however, and 3 others were intermediate between the lake and the depleted groundwater signature. Many of these same samples had elevated acesulfame and low Cl concentrations, similar to lake water ( Fig. 2 ; 2011 data similar), in contrast to the lower acesulfame and higher Cl levels of the remainder of the north shore samples.
Rather than signifying groundwater recharge in these locations, however, we suspect that the cause of the isotopic similarity in some of the north shore samples may be wave-induced recirculation of lake water within the shallow shoreline sediments (Longuet-Higgins 1983) . This could lead to mixing of lake water with discharging groundwater, for which there is some evidence. Two of the 4 samples with a lake water isotopic signature contained chlorinated solvents, which are not likely sourced from lake water or the shallow sediments. Another had elevated Cl with reduced acesulfame compared to lake values; both are conservative tracers not likely added or removed from sediments.
For locations where the sub-benthic and lake water isotope signatures were markedly different, a plot of benthic groundwater samples fell on a line between the 2 and not along the estimated local meteoric water line (Fig. 3b) . This suggests mixing between groundwater and lake water rather than variation in the groundwater isotopic signature. Such mixing is not unexpected given the shallow depth of the sampling ports (only about 5 cm below the lake bed); it may be natural (i.e., related to wave action recirculation or bioirrigation) or a result of sampling inducing seepage through the overlying sediments. These isotope data were used to help calculate the amount of mixing for benthic samples (see below). For locations where sub-benthic groundwater was similar to lake water, the shallow samples were also similar, which complicates the assessment of mixing.
-contaminants in benthic zone
The types and general levels of contaminants in the 2011 sub-benthic samples (30-70 cm depth; data not shown) corresponded well (within 20% mostly) with the 2010 results (25-120 cm depth) from similar locations, indicating no substantial interyear variability in the nearshore groundwater contamination. A valid question is how applicable these sub-benthic groundwater concentrations are to aquatic life. They are directly applicable to those burrowing aquatic organisms that live all or part of their lives at depths up to 1 m, such as various types of benthic invertebrates Hynes 1974, Hynes 1983) ; however, invertebrate life tends to be concentrated in the 10 cm nearest the sediment-water interface, and this is also where many fish species deposit their eggs and some aquatic plants and algae reside. Concentrations at this shallow depth would also be more relevant to nutrient and other contaminant loading to the lake, although even location results for several key compounds (Fig. 4) show that for both shores, SRP and ammonium concentrations in the benthic samples were generally similar, but for some, much greater than concentrations found at greater depth. This may be linked to nutrient source (discussed below). In contrast, Cl for the north shore, and nitrate, perchlorate, and selenium (Se) for the south shore were generally lower in the benthic samples, but not consistently, possibly due to wave-induced mixing or sediment reactions. For the petroleum and chlorinated organics, there were too few sample locations with these contaminants to derive quartile plots.
Few of the key contaminants were at substantially lower concentrations in benthic samples than in sub-benthic samples. In general, variation was similar among the 3 benthic samples as found between these and the deeper sample. Considering these results, the 2010 screening data (of similar depth and range of concentrations as the 2011 sub-benthic samples) provide a good estimate of the typical concentrations expected at the benthic and sub-benthic depths for most of the contaminants. Natural spatial variation, however, including that associated with lake water dilution processes in the shallow sediments, requires further investigation before these concentrations should be applied to calculations of contaminant discharge to the lake.
Contaminants of ecological concern
Eutrophication: Groundwater from both shore sections contained nutrients at levels well above those found in the lake water (Fig. 2b) , meaning groundwater discharge will act to boost nutrient levels in the lake rather than dilute them. Nutrient contamination was also fairly widespread, with SRP concentrations >0.1 mg L −1 , the condition defining a hypereutrophic surface water (CCME 2007) , measured in 24% of the groundwater samples (essentially representing 500 m of shoreline). Nitrogen (N) in bioavailable form, either nitrate or ammonium, was found at levels higher than the equivalent dissolved inorganic N of the lake across most (>90%) of the shoreline sections. The fate of these nutrients as they pass through the surface sediments into the overlying water, where redox conditions may change sharply, is uncertain.
Nitrate may undergo denitrification to N 2 in organicrich sediments once DO is depleted; however, DO levels in nitrate-rich zones tended to remain elevated even in the benthic groundwater sampled in 2011. Ammonium would only be oxidized to nitrate as the anoxic groundwater reached oxygenated zones, such as the thin oxidized surface layer of lake sediments, bioirrigated sediment zones, or the overlying water. Dissolved P in groundwater could precipitate with or adsorb to oxidized minerals in these cannot be assumed to represent the concentrations in groundwater discharging across the lakebed interface. Changes that may occur prior to and upon reaching this interface are discussed further for nutrients and toxic compounds specifically.
Generally, concentrations of contaminants and major ions were lower in benthic samples (5 cm depth) than in the sub-benthic samples, likely due in part to mixing with lake water, as was discussed earlier for the benthic sample isotope results. The amount of lake water in each benthic sample was estimated with a simple 2-component mixing model applied to each sampling location. The constituents applied here were DO (although not conservative) and the conservative tracers: Cl, the sweetener acesulfame, and the water isotopes. These components could only be applied where there were marked differences between the lake water and groundwater, or where groundwater concentrations were expected to be consistent across the sampling depths. For the north shore, the isotopes, acesulfame, and Cl did not meet these criteria, but sub-benthic groundwater was consistently anoxic (DO < 0.5 mg L ). Lake water contribution calculated from DO values was <20% on average (but up to 50%) for the north shore, which is likely an underestimate of the lake contribution for most locations because the DO is not a conservative tracer; it will likely be taken up in the sediments unless residence times are short. It can thus be used to estimate sampling-induced infiltration of lake water, but not mixing by wave-induced recirculation, for example. Unfortunately, we were unable to quantify the natural mixing processes for these samples, although the isotope results discussed earlier suggest they are influencing several north shore locations, even at the sub-benthic sampling depths.
For the south shore, sub-benthic groundwater had elevated and variable DO (average: 4.4 mg L −1 ; range: 0.25-9.3 mg L −1 ), so it was not appropriate for the mixing analysis. Groundwater samples, however, tended to be low in acesulfame (<100 ng L , respectively) and showed a marked difference in water isotope signature (Fig. 3a) . The average contribution from lake water was 33, 31, and 32% (with a range of 0-60%) based on the isotopes, acesulfame, and Cl datasets, respectively.
Given the mixing results, and despite the limited success for the north shore samples, the contaminant concentrations of the 2011 benthic groundwater samples were adjusted in an attempt to account for the uptake of lake water. Then the difference between contaminant concentrations of the sub-benthic samples and their associated 3 benthic samples (adjusted for lake water uptake) was calculated for each of the 22 sample locations. Combined Nutrients and toxic contaminants in shallow groundwater
Inland Waters (2013) 3, pp. 125-138 the surface sediments; however, it could also be subsequently released to the open water column following sediment suspension (Caetano et al. 2003) or if overlying water conditions turned anoxic. These findings mean that urban groundwater will act to enhance eutrophication of Lake Simcoe through the addition of P, but possibly also through the addition of N constituents (Lewis et al. 2011) .
It is beyond the scope of this work to estimate the contribution of the urban groundwater pathway to the lake P budget, and groundwater fluxes were not calculated. These may vary spatially, at the scale of metres, and seasonally (e.g., Woessner and Sullivan 1984) , or be affected by water management activities in the city; however, these results suggest that shallow urban groundwater may be a more important contributor of P to the lake than currently assumed. This conclusion is in agreement with that of Holman et al. (2008) , who proposed that groundwater P contributions should not be viewed exclusively as a source of dilution, but rather as having the potential to trigger and/or maintain eutrophication. Similar to this study, they found that many areas in the United Kingdom and Ireland had median groundwater P >0.1 mg L −1 . Meanwhile, Shaw et al. (1990) determined that the groundwater P flux, based on concentrations in shallow groundwater (sediment porewater) rather than land-based wells, was the single largest source of P to the epilimnetic water of Narrow Lake, Alberta. Numerous other studies have reported groundwater P concentrations higher than those found here (Table 1) . This is in contrast to the findings of a US Environmental Protection Agency study (Dubrovsky et al. 2010) in which 88% of the groundwater samples had dissolved P concentrations <0.1 mg L −1 ; however, for that study, few samples were collected from nearshore or stream riparian areas.
Toxicity: Toxic groundwater contaminants were detected during the 2010 screening survey at levels above various provincial and/or federal guidelines for the protection of aquatic life along both the north and south shoreline sections studied (Table 2 ). These cover a wide range of compounds of several different types (e.g., metals, organics, salts), truly representing diffuse urban pollution. The most widespread contaminant was Se, while only a few of the other metalloids and metals tested surpassed guidelines, and then only sporadically. Generally, metals were not a major concern, in contrast to findings for groundwater discharge to urban streams (Roy and Bickerton 2012) .
Maximum concentrations for most of the contaminants were usually within an order of magnitude of the guideline, excepting the petroleum compounds. Naphthalene, for example, was >10 000 times its guideline concentration in 4 samples, which covered a 60 m stretch of the north shore, likely representing severe toxicity to any benthic organisms there. Several chlorinated organics were also detected, although their concentrations were not above guidelines or no current guidelines exist (Table 2) . Detected on the north shore, these concentrations could be diluted somewhat with lake water, as discussed earlier; however, these at least signify definite anthropogenic contaminant sources and may herald the advance of larger concentrations to the shore in the future or they may contribute to toxicity via mixtures.
Along the north shore, 37% of the groundwater samples had at least one contaminant over its guideline, while 11% had more than one guideline transgressed. Note that only a single representative petroleum compound, trimethylbenzene (TMB), was included for this second calculation. Samples with TMB above its guideline (11%) usually contained multiple additional petroleum compounds (see Table 2 ) above their respective guidelines, as would be expected for a petroleum contaminant source. For the south shore, 65% of the samples had at least 1 contaminant over guideline; while 17% and 4% had more than 1 and more than 2 contaminants above guidelines, respectively. This greater rate at the south shore was due to Cl and Se predominantly (Fig. 2) . These findings show that a substantial proportion of the shoreline sections had some groundwater contaminant above guidelines, while toxic effects (not demonstrated here) will be complicated by the presence of mixtures at others.
This assessment may be considered conservative because the analytical coverage in this study was not exhaustive; missing were many common contaminants such as phenols, pharmaceuticals, and other xenobiotics, and there was a limited selection of pesticides (only 4). In addition, the toxicity of mixtures of contaminants, which each are below guideline levels but collectively might pose a risk to aquatic life, has not been considered here. This is an area of active research and could be important for the chlorinated solvent plumes described earlier, especially where these point-source contaminants overlap with more widespread contamination, such as for Cl, Se, and ammonium (Fig. 2) .
Groundwater concentrations for these toxic compounds should not be considered ubiquitous throughout the benthic zone or representative of the average concentration in fluxes to the lake (as discussed earlier for nutrients). Transformations, additions, and losses may still occur at the lake sediment interface, especially with changing redox conditions. Concentrations of most of these contaminants would be reduced substantially in the overlying surface water by dilution (Greenberg et al. 2002 , Conant et al. 2004 ; however, the detection of toxic contaminants at levels above aquatic guidelines in proximity to potential aquatic ecosystem receptors in this study suggests that groundwater contaminants do pose a relevant toxicity risk to aquatic life along these urban shorelines.
Dissolved oxygen: This study revealed that shallow urban groundwater may contribute to anoxic lake sediment conditions and thus may impact various aquatic organisms. For instance, low DO in upwelling groundwater can hinder fish embryo survival and development (Malcolm et al. 2005) . Further, while many deeper-sediment organisms (e.g., macrocrustaceans) may tolerate suboxic conditions up to several days, they are unlikely to occur in extensively or permanently suboxic sediments (Malard and Hervant 1999) .
Extrapolation of results: Contaminants of greatest concern along these shoreline sections, due to potential toxicity and eutrophication contributions, are SRP, ammonium, nitrate, Cl, chlorinated solvent and petroleum compounds (broad mix), and Se. The types and levels of contaminants will likely vary for other urban areas around Lake Simcoe, but the diffuse nature of urban groundwater pollution, as revealed in this study and by others for streams (e.g., Shepherd et al. 2006, Roy and Bickerton 2012) , suggests that a mix of potential contaminants is likely to exist along many of the urban shorelines of Lake Simcoe (and other Great Lakes). We have estimated the fraction of Lake Simcoe shore currently adjacent to urban areas at about 22%, based on digital cartographical data furnished by Natural Resources Canada (CanVec: Data Product Specifications, Edition 1.1). Much of this is residential, with limited industrial sites, but it also includes the cities of Barrie and Orillia. This study is directly relevant to these areas, but continued expansion of the urbanized shore areas is expected (Winter et al. 2007 , Palmer et al. 2011 ; thus, the relevance of this study should only increase over time.
Contaminant distribution -link to sources and other factors
Determination of the sources of contaminants or the groundwater conditions affecting their concentrations was not the focus of this work. However, the present dataset does provide some insight into these topics, which are briefly discussed for the key contaminants to provide guidance to further research, monitoring and lake management, and possible groundwater remediation efforts.
Dissolved oxygen: The abrupt change in groundwater DO along the south shore corresponds with a transition in the topography of the nearshore environment. The high-DO area is at a higher elevation than the low-DO area. Often groundwater DO remains at a higher concentration for a greater distance between land surface and the water table (Starr and Gillham 1993) , so this topography change (associated with a likely consistent water table elevation across this shoreline area) might explain the observed DO trend. The nearshore elevation is relatively low and stable for the north shore.
Petroleum and chlorinated organics: Petroleum compounds exceeding guideline values (Table 1) were Nutrients and toxic contaminants in shallow groundwater
Inland Waters (2013) 3, pp. 125-138 detected along the north shore (Fig. 2d ) coincident with the historic Barrie Gas Works. A steel sheet-pile barrier runs along this area of shoreline, likely designed to prevent petroleum product from leaving the site, but it does not seem to be preventing dissolved constituents from traveling with groundwater into the lake.
Several other zones along the north shore had chlorinated solvents (trichloroethene, cis-dichloroethene, vinyl chloride degradation chain), which are common industrial point-source contaminants of groundwater and have also been detected at several locations along Dyment's Creek, an urban stream in Barrie (Roy and Bickerton 2012) . Their exact sources are unknown.
Chloride: South shore Cl concentrations (Fig. 2e ) exceeded the guideline value by up to 187% across much of the sampled shore. These levels likely indicate the influence of road salt. Road salt is predominantly sodium chloride (NaCl), thus it produces low bromide/chloride ratios (Br:Cl) compared to many other sources of salinity (Richter and Kreitler 1992) . Our 2010 groundwater data showed decreasing Br:Cl with increasing Cl concentration (power law best fit line; exponent of −0.8; r 2 = 0.93; n = 172). The Na:Cl (M) was steady at about 0.84 at the higher Cl concentrations, suggestive of an NaCl source with slight reductions in Na due to sorption to aquifer materials. Road salt addition seems to have affected the basic groundwater chemistry, with a shift to Na-Cl type with increasing EC. Winter et al. (2011) suggested that the consistent increases in Cl concentrations in the Lake Simcoe outflow since the early 1970s are likely caused by road salt application. Our study suggests that groundwater may be an important pathway for road salt to Lake Simcoe, in urban areas and perhaps also for the roads that line most of the lake perimeter.
Along the north shore, some of the samples that exceeded the Cl guideline also had daughter products of chlorinated solvents (Fig. 2d and e) . Microbial dehalogenation of these and their parent compounds produces Cl as a byproduct (Wiedemeier et al. 1999) , so the chlorinated solvent contamination may be indirectly contributing to Cl toxicity here.
Selenium: Se exceeded guidelines along much of the south shore and was generally associated with elevated DO (Fig. 2a and e) . The most mobile form of Se in groundwater (i.e., high solubility, low sorption) is selenate, the most oxidized state, which is found under oxic, alkaline conditions (White and Dubrovsky 1994) . More reduced forms tend to precipitate. In those shoreline areas with elevated Se but low DO, nitrate was still abundant (Fig. 2a, b , and e), indicating only slightly reducing groundwater conditions. This redox control on Se fits with our observations. Se has various mineral sources, but it is also linked to atmospheric deposition of combustion byproducts (Haygarth 1994) . Its source here is not known.
Nitrate and perchlorate: Acesulfame was generally low and metals and industrial organic chemicals were absent across the south shore areas with elevated nitrate (Fig. 2b) , suggesting wastewater and landfills are not likely the source of nitrate. This leaves fertilizers, atmospheric deposition, and the release from natural organic matter to account for the widespread nitrate presence. This area also had elevated perchlorate (Fig. 2b  and d) , which currently has no aquatic life guideline, although the correlation with nitrate was only moderate (linear regression, r 2 = 0.37), indicating that the contaminant sources are likely not the same. The likely source for perchlorate here is atmospheric deposition from fireworks displays (Munster et al. 2009 ) commonly held over the bay in Barrie. The elevated nitrate and perchlorate generally occur with high-DO groundwater (Fig. 2a, b , and d). Both species tend to persist under oxic groundwater conditions but can be reduced by microbial processes under suboxic (DO < 0.5 mg L −1 ) conditions (Herman and Frankenberger 1999) , although this could take time, likely explaining the presence of nitrate and perchlorate in some low-DO areas. If the nitrate, like the perchlorate, is sourced from the atmosphere, or if it is sourced from aquifer or sediment materials, then similar levels may be expected wherever oxic groundwater discharges to Lake Simcoe. SRP and ammonium: These 2 nutrients were well correlated (linear regression, r 2 = 0.65; n = 172) in groundwater samples. Similar to the situation for nitrate, the distribution of SRP and ammonium seems to be controlled by the groundwater redox conditions. Concentrations were very low in groundwater with DO > 0.5 mg L −1 (Fig. 2a and b) ; under these oxic conditions, ammonium would tend to undergo oxidation to nitrate and SRP would tend to be immobilized (Dubrovsky et al. 2010) . Not until iron-sulfate reduction levels are reached do SRP (Fig. 5) and ammonium (not shown) levels seem to increase substantially, with the highest concentrations observed under methanogenic conditions (redox zonation according to McMahon and Chapelle 2008) . This suggests that the elevated SRP concentrations are associated with the reduction of mineral complexes such as iron oxyhydrates under anaerobic conditions (Carlyle and Hill 2001, Banaszuk et al. 2005) .
Beyond the redox link, however, there were no definite patterns between the concentrations of these 2 nutrients and that of any other component that might reflect the redox condition (e.g., iron; Fig. 2a) or a wastewater or landfill source (e.g., artificial sweeteners, Cl, metals, other organic compounds; Roy and Bickerton 2010 , Van Stempvoort et al. 2012 ). The possible exception was a small section on the north shore with the highest acesulfame levels (>lake values; Fig. 2c ), some detections of saccharin (not shown), and low levels of nitrate and perchlorate (also associated with wastewater; Motzer 2001), despite the low DO (Fig. 2a, b , and c). These samples also had elevated Cl and piping metals: aluminium, copper, and nickel. This evidence suggests a wastewater source at this location; however, the SRP and ammonium concentrations were not at their highest in this area. The other potential sources for ammonium and SRP are similar to those of nitrate.
Groundwater SRP concentrations in wastewater plumes can be an order of magnitude greater than those found here (Table 1) ; however, similarly high SRP values have also been associated with release of SRP to anoxic groundwater from buried aquifer materials or shallow sediments (see Table 1 ; alternately, this process may be considered as SRP release to anoxic "porewater" that is then pushed along with discharging groundwater). This may be the situation in this study because SRP (and ammonium) showed slightly higher concentrations in the shallow benthic samples than sub-benthic samples, as if further release to the low-DO groundwater was occurring.
Other potential sources such as fertilizers and general urban runoff cannot be discounted, however. Holman et al. (2008) and Qian et al. (2011) determined that groundwater P levels were highest in urban areas compared to agricultural and natural areas; therefore, continued urban growth around Lake Simcoe may increase P loading from groundwater. The groundwater P levels we found in Barrie may not be limited to urban areas, however, but may apply to nonurban areas that have anoxic groundwater, if the P is sourced from aquifer or buried sediment materials. More work is needed on this topic to determine the actual source of P in this groundwater and its broader implications for the Lake Simcoe P budget.
Conclusions
The role of urban groundwater in the ecological health of Lake Simcoe has received little attention to date. Thus, we performed a screening study to detect groundwater contaminants along 2 sections of Lake Simcoe shoreline (nearly 2 km total) that receive groundwater discharge, in the City of Barrie. Groundwater sampled from shallow lakeshore sediments contained a wide variety of contaminants at concentrations well above those of the lake water. Of the 172 groundwater samples collected, about half had at least one contaminant at a concentration above aquatic life toxicity guidelines, and most contained a mixture of contaminants that could lead to synergistic toxicity effects. The most common toxic contaminants detected included ammonium, nitrate, Cl, chlorinated solvent and petroleum compounds, cadmium, and Se. Our results also suggest that the concentrations were commonly similar for shallow (~5 cm) and deeper (>30 cm) depths below the lakebed surface; therefore, groundwater contaminant toxicity may impact sediment-dwelling organisms in both the benthic and sub-benthic zones, potentially impairing the fishery food chain.
The SRP concentration was >0.1 mg L −1
, which is indicative of hypereutrophic water, in 24% of the groundwater samples, while overlying lake water was ~10 times below that level. The nutrient concentrations were strongly associated with the groundwater redox conditions (e.g., SRP was elevated under iron-sulfate reduction and methanogenesis conditions), which may or may not be affected by urban-specific activities. Study results suggest that the groundwater nutrients may have been derived from natural sources: aquifer or lake sediment materials, or atmospheric deposition. Thus, groundwater discharging at these and other urban areas, but potentially also at nonurban areas where appropriate redox conditions exist, may contribute to Lake Simcoe eutrophication. This could be either through direct discharge of SRP to the lake water, or if P species precipitate or sorb at the lakebed interface, by supplying P to the shallow sediments, from which it can later be remobilized or released. These groundwater sources have not been specifically addressed in the Lake Simcoe P budget. 
